Aims: Functional tests have demonstrated minimal loss of vaginal closure force with age. So we tested the null hypotheses that age neither affects the maximum cross-sectional area (CSA) nor the volume of the levator muscle. Corresponding hypotheses were also tested in the adjacent obturator internus muscle, which served as a control for the effect of age on appendicular muscle in these women. Methods: Magnetic resonance images of 15 healthy younger (aged 21-25 years) and 12 healthy older nulliparous women (aged >63 years) were selected to avoid the confounding effect of childbirth. Models were created from tracing outlines of the levator ani muscle in the coronal plane, and obturator internus in the axial plane using 3D Slicer v. 3.4. Muscle volumes were calculated using Slicer, while CSA was measured using Imageware TM at nine locations. The hypotheses were tested using repeated measures analysis of variance with P < 0.05 being considered significant. Results: The effect of age did not reach statistical significance for the decrease in levator ani muscle maximum CSA or the decrease in volume (4.3%, P ¼ 0.62 and 10.9%, 0.12, respectively). However, age did significantly adversely decrease obturator internus muscle maximum CSA and volume (24.5% and 28.2%, P < 0.001, respectively). Significant local age-related changes were observed dorsally in both muscles. Conclusions: Unlike the adjacent appendicular muscle, obturator internus, the levator ani muscle in healthy nullipara does not show evidence of significant age-related atrophy. Neurourol. Urodynam. 31:481-486, 2012. 
INTRODUCTION
Pelvic floor disorders, including pelvic organ prolapse and incontinence, significantly affect women's daily activities and quality of life. Aging is a known risk factor for these disorders: their incidence increases with each decade until eventually 11% of US women require operative treatment. 1 As the US population ages, the prevalence of pelvic floor disorders will increase substantially over the next decades 2 so there is a need to better understand how age is involved in the pathomechanics of these bothersome disorders.
The importance of the levator ani muscle in the role of pelvic floor function has been well established (e.g., Refs. [3] [4] [5] ). Maternal birth-related levator ani injuries, observable on magnetic resonance images in affected women, 6 are associated with a significantly increased risk of developing genital prolapse and a 40% decrease in pelvic floor muscle strength. 7 Pelvic floor muscle isometric strength is usually measured using an instrumented speculum which can be used to measure maximum volitional vaginal closure force in the mid-sagittal plane. 8 However, neither measurements of resting vaginal closure force, nor the maximum volitional augmentation of that force show a significant decline with increasing age. 9 This is unexpected since a 30-40% loss of skeletal muscle volume and cross-sectional area (CSA) is the usual finding in striated muscle with advancing age. 10, 11 These reductions are responsible for the well researched agerelated loss in isometric muscle strength and slower rate of developing axial or appendicular striated muscle strength in healthy older individuals. 12 Any functional muscle strength test can be limited by subject effort, especially in muscles like the levator ani whose activity is difficult to control volitionally. The significance of measuring muscle CSA is that it allows the maximal contractile force that can be developed in the direction of the fibers to be estimated, independent of effort level. This force is given by the product of the CSA and the maximum specific contractile force of striated muscle of about 2.8 Kgf/cm 2 . 11,13 (NoteOne Kilogram force (Kgf) is the magnitude of the force exerted on one kilogram of mass by a 9.81 m/s 2 gravitational field; it is equal to 9.81 Newtons (N) of force.) Muscle volume has also been found to be a good predictor of maximal muscle force, 14 since the physiological CSA can be found by dividing the volume by the fiber length. It is presently not known whether age adversely affects the CSA of the levator ani muscle, 15 or its volume. We reasoned that if there were no observational effects on levator volume or CSA, then this would help explain the apparent lack of an age effect on strength of the muscle described above.
The goal of this article, therefore, was to test the primary null hypothesis that age neither affects the maximum CSA nor the volume of the levator ani muscle. We elected to select nulliparous women for this study to avoid the confounding effect of birth-induced levator ani muscle damage. 16 Also, because levator muscle morphology varies between individuals 17 and age-related muscle atrophy can vary, 18 we decided to measure nearby appendicular striated obturator internus muscle maximum CSA and volume as a control for the effect of age, in the same woman and in the same MR scan. A secondary hypothesis that there would be no regional effects of age in different parts of the levator muscle was also tested.
METHODS
MR images of 12 healthy older nulliparous women without pelvic floor dysfunction (aged 63 years and over) were chosen from our prior work on age effects on pelvic floor function in nulliparous women. 8 A sample of 15 healthy younger (aged between 21 and 25 years) was selected as a comparison group who served as nulliparous controls in a study of birth and pelvic floor injury. 19 Written informed consent was provided for the use of these images as approved by the institutional review board. The sample size should provide 80% power for detecting an expected 30% age difference with an alpha of 0.05 in the volume and maximum CSA of levator ani, based on published studies of age-related changes in appendicular striated muscle. Multi-planar, two dimensional, fast spin, proton density MR images we obtained using a 1.5 T superconducting magnet (Signa; General Electric Medical Systems, Milwaukee, WI). Turbo spin echo (TSE) techniques were used to image the sagittal, coronal, and axial planes. At rest, 30 images were obtained in each plane. Scan parameters were: repetition time (T R ) range 2,300-3,000 ms, echo time (T E ) 30 ms, 4 mm slice thickness, 1 mm gap, number of signal averages (NSA) 2, 256 Â 255 voxels.
All of the women had full histories taken and a standardized physical examination including height, weight and pelvic organ prolapse quantification (POP-Q) as outlined in our earlier work. 8, 19 All subjects chosen had no known urogynecological dysfunction according to history, physical examination and POP-Q examination.
Virtual models of the muscles were made using 3D Slicer version 3.4 (Slicer.org). Outlines of the levator ani muscle were traced in the coronal plane (Fig. 1a) as this showed the best view of the muscle. 20 The obturator internus muscle models were generated from tracings made on axial plane images (Fig. 1b) . Obturator internus fibers converge towards the lesser sciatic foramen and then deviate back at a right angle over the ischium between its spine and tuberosity, join with the inferior and superior gemelli and insert onto the greater trochanter. Tracings were stopped at the level of the ischium due to the change in muscle direction and a primarily tendinous portion lateral to this point. Two of the 12 older women's MRI scans had incomplete levator ani images and could only be used for the obturator internus tracings. Models were then compared against the original scans with all three orthogonal image planes in view so as to detect artifacts from model creation. Errors were corrected iteratively by the blinded operator until each model and its source images matched.
Volumes were calculated within Slicer and then models were imported into Imageware TM for measurement of muscle CSA. In order to calculate muscle CSA, predominant fiber directions were determined. For the levator ani, the fiber direction and line-of-action were found by superimposing published fiber architecture 21 upon the model of the levator (Fig. 2a ). Because its architecture essentially consists of parallel muscle fibers from origin to insertion, the anatomic CSA was taken normal to the fiber direction. For the obturator internus, a fiber line was created from the midpoint of a line marking the ischium between its spine and tuberosity, to a midpoint at the dorsal aspect of the muscle. For each muscle, nine equidistant points were then marked along the line from an anterior to posterior position and the anatomical CSAs were calculated at those points in planes perpendicular to the fiber line ( Fig. 2b shows the levator ani).
To assess inter-rater reliability, outlines of levator ani were independently traced by two investigators on randomly selected scans of three young and three older women. Models were then created and volumes calculated. Inter-rater reliability was acceptable (r ¼ 0.9). Intra-rater reliability was also assessed using the obturator internus with acceptable repeatability (Investigator 1, r ¼ 0.89; Investigator 2, r ¼ 0.86).
The hypotheses involving muscle volume and maximal CSA were tested using repeated measures analysis of variance (mixed model procedures in SAS, v. 9.1; SAS, Inc., Cary, NC) and two-sided t-tests with P < 0.05 being considered significant. The Boneferoni correction was used for the CSA values at locations where the CSA was not maximal.
RESULTS
The primary null hypothesis could not be rejected for the levator ani muscle. When the maximal CSA at any location was compared by group, the mean maximum CSA of the levator ani muscle for the older women was not significantly smaller in the older women than the younger women (406. , respectively; group difference: 10.9%, P ¼ 0.12). The locations of the maximal levator CSA in both groups were recorded at either location 6 or 7 (young: 12 of 15 women; old: 9 of 10 women) but exceptions existed in both groups demonstrating anatomical variation. Figure 3 compares regional differences in levator ani CSA between young and old women, and the only location at which there was a significant age difference was at location 9, at the level of the iliococcygeus portion of the muscle (P ¼ 0.006).
The primary null hypothesis was rejected for the obturator internus muscle which, as an appendicular muscle was used as a control striated muscle for the levator muscle of the pelvic floor. There was a 24.5% decrease in greatest obturator internus CSA from young to old groups (P < 0.0001). Differences existed at locations 2 and from 5 to 9 inclusive (Fig. 4) 
DISCUSSION
The results of this study indicate that the levator ani muscle does not undergo the same degree of age-related atrophy seen in adjacent appendicular muscle in healthy women. Aging causes the CSA of many striated muscles to decrease by approximately 25-40% between the ages of 20 and 60 years, the amount varying across different muscles. 10, 11 Upon beginning this study we anticipated that the levator ani might undergo the same degree of age-related sarcopenic change as other muscles. We expected a significant decrease in CSA and volume, which could be invoked as a contributor to prolapse and its progression. We found, however, that the levator ani did not have the degree of change seen in the obturator internus muscle in our subjects.
The most likely explanation for the fact that obturator internus and levator ani muscle show different degrees of muscle loss may be that they have different fiber type compositions. The CSA of Type II fibers show a greater degree of atrophy with age than do Type I fibers, which are relatively spared. 10 The levator ani muscle is comprised of between 66% and 90% Type I fibers, 22,23 depending on biopsy site. This composition is consistent with levator postural function requiring fatigueresistance in maintaining the closure of the urogenital hiatus in upright posture 5 that Type I fibers are well-suited to provide. This could explain why levator ani morphology and CSA may be less affected by age than the obturator muscle, which has a likely higher proportion of Type II fibers, given its activity and function in externally rotating the hip during gait.
One might argue that the instrumented speculum tests of levator isometric strength that failed to show an age effect (see the Introduction Section) already have demonstrated that age does not affect the CSA or volume, since muscle contractile force is known to be proportional to CSA 13 and volume.
14 This argument is weakened by two known confounding effects. First, volitional motor control of the levator ani is not nearly as precise as that for appendicular or axial musculature, 24 so tests of pelvic floor muscle strength do not necessarily give a good indication of levator CSA or volume unless tetanic electrical stimulation were to be used, and that can be painful. Second, when the levator muscle contracts, only the ventromedial portion acts to close the urogenital hiatus; the more dorsal portion acts like a shelf and contracting it elevate the posterior abdominal contents resting upon it. 4 How much of the levator CSA acts to cause the vaginal closure force is unknown, so the latter is an unreliable measure of the total levator CSA or volume. However, now that the present study shows a lack of an age effect on levator CSA, this finding corroborates and extends the lack of an age effect on the vaginal closure force that has already been documented. 8 Other investigators have studied the relationship between levator ani muscle function and age. In a group of patients attending a tertiary urogynecology clinic a weak correlation (r ¼ À0.25, P < 0.01) was found between age and reduced levator strength on manual palpation after correcting for parity and levator defects. 25 These findings reflect assessments of women with pelvic floor symptoms resulting in referral to the Urogynecology clinic and women who were primarily vaginally parous; factors that may help explain slight differences in findings from the current study. In a clinical population, most of the women will have given birth and so birth-associated injuries 6 will confound a study of age effects. The relationship between these findings among a group of individuals who had pelvic floor complaints and the present findings in normal volunteers requires further exploration.
When one considers the finding that increasing stages of prolapse are found with advancing age 26 it has tacitly been assumed that this finding is secondary to the adverse effects of age on pelvic floor support. If, as indicated by the present results, aging has less effect on levator muscle size and strength than has been thought, then it remains to be elucidated how age influences other tissue properties and how these changes interact with processes of pregnancy and vaginal birth to result in the eventual failure of the pelvic floor support system.
It seems logical that the connective tissue elements undergo age-related deterioration and that they may be involved. Collagen components of connective tissue undergo remodeling in response to stress and injury. There is a reduction in collagen content in the genitourinary tissue of women with genital prolapse when compared with women without prolapse 27, 28 and it is known that increasing age is associated with significant changes in collagen resulting in stiffening of the tissues. 29 Ongoing research in this area should help to demonstrate which hypotheses are and are not supported.
A strength of the present study was the use of nullipara as the basis for comparison because it eliminated the major confounders of pregnancy and parity (see the Introduction Section). A second strength was the use of published fiber directions 21 to improve the estimate of levator anatomic CSA because these are not always visible on MR scans. While we were able to demonstrate that the levator ani did not undergo the degree of age-related atrophy suggested in the literature, while the obturator exhibited the prototypical changes, the modest sample size limited the power available to demonstrate significant differences in levator CSA. A post hoc analysis shows that with an effect size of 0.38 we would have needed to have studied over 46 women in each age group to be able to demonstrate a significant age effect in levator volume; with an effect size of only 0.15 for levator CSA, the group sizes would have had to have been two orders of magnitude larger. Clearly, the effect of age on levator morphology is so modest that it does not appear to be clinically significant.
As one check on external validity of the present results, we can compare the present findings with the Chen et al. 30 study Fig. 4 . The mean (SE, vertical bars) anatomical CSAs of the levator muscle from young (n ¼ 15) and old (n ¼ 10) donors. Location 1 is close to the origin at the pubic symphysis and location 9 is close to the iliococcygeal/ coccygeus insertion. Note: The maximal values in the graph at location 7 are less than those reported for the mean maximal CSA because in some cases the maximal value occurred at a different location (usually 6 or 8); Ã P < 0.05.
of levator CSA and volume results from the unaffected muscle in women with unilateral defects in the pubovisceral portion of their levator ani. In that study, the overall volume of the pubovisceral portion of levator ani without defects to average 20.8 cm 3 , which compares favorably with the values of 26.4 and 29.6 cm 3 for the volumes of the entire levator ani found in the younger and older women respectively in the present study. The CSA of the pubovisceral muscle at the measurement location closest to the pubic bone was found to average 1.02 cm 2 in the Chen et al. study, which compares with 0.2 cm 2 and 0.7 cm 2 found for the locations 1 and 2 in the present study. The difference can be partly explained by Chen et al. sampling the pubovisceral muscle at five locations, whereas nine locations were used to sample the entire levator ani in this study, hence location 1 was closer to the pubic bone in the present study. In addition, by concentrating only on the pubovisceral portion, Chen et al. chose a fiber direction angled approximately 258 more medial from the pubic bone than the most common levator fiber direction observed in the Shobeiri et al. data. This difference would account for another 8% (the reciprocal of the cosine of 258) of the difference between the two studies. Hence, the results of the two studies are consistent.
As a second check on the external validity of the present CSA measurements, one can estimate how much of the CSA of the levator muscle would be needed to generate the mean maximal voluntary vaginal closure force of $10 N measured in healthy women. 5 If we assume that the line-of-action of the pubovisceral portion of the levator muscle acts, bilaterally, at an angle of 308 (estimated from Ref. . This corresponds almost exactly to the measured CSA (0.22 cm 2 ) of the levator muscle at location 1 (Fig. 4) which represents about 5% of the maximum levator CSA of muscle at Locations 6 or 7, depending on age. Hence, we can infer that only the most ventromedial 5% of the levator muscle contributes to the vaginal closure force measured during a volitional maximal contraction in young or older women. This novel insight requires corroboration by other investigators. But it is consistent with the observation in prolapse patients that when the muscle at location 1, the region of levator most likely to be avulsed from the pubic bone during a difficult vaginal birth, 6 exhibits a defect, then these patients develop $40% less vaginal closure forces than normal. 7 The conclusions of this study rest upon the assumption that the younger women are indeed representative controls. We believe this to be the case because BMI was matched in both groups, and the height and weight of the population of young nullipara from which this sample was drawn match US norms. A methodological limitation was that we could not reliably identify fiber direction in obturator internus on these MR scans. Instead we relied on anatomic dissections to confirm that the obturator fibers arise from the inner surface of the superior ilium so as to converge, like a fan, onto a central tendon at the lesser sciatic notch, leading to the present method for measuring obturator internus physiological CSA. We do not believe that this latter limitation biased the main findings of the article.
In conclusion, the levator muscle does not atrophy significantly with age in healthy nulliparae as limb muscles do.
Though the pathophysiology of pelvic floor dysfunction is multifactorial, there is clearly an increase in prevalence with aging. However, if other studies confirm our findings, then one can effectively rule out the effect of age alone on the levator ani as being a significant contributory factor to genital prolapse or incontinence (see the Introduction Section). Clearly, establishing the manner in which genetic factors, muscle defects associated with vaginal childbirth, occupational factors, lifestyle variations, and other biological aging processes interact to cause prolapse and incontinence requires a series of studies that clarify the individual effects of these interactions. Such studies will help inform improved treatment and prevention options.
